Bacteriophage T4 encodes three ADP-ribosyltransferases, Alt, ModA, and ModB. These enzymes participate in the regulation of the T4 replication cycle by ADP-ribosylating a defined set of host proteins. In order to obtain a better understanding of the phage-host interactions and their consequences for regulating the T4 replication cycle, we studied cloning, overexpression, and characterization of purified ModA and ModB enzymes. Site-directed mutagenesis confirmed that amino acids, as deduced from secondary structure alignments, are indeed decisive for the activity of the enzymes, implying that the transfer reaction follows the Sn1-type reaction scheme proposed for this class of enzymes. In vitro transcription assays performed with Altand ModA-modified RNA polymerases demonstrated that the Alt-ribosylated polymerase enhances transcription from T4 early promoters on a T4 DNA template, whereas the transcriptional activity of ModA-modified polymerase, without the participation of T4-encoded auxiliary proteins for middle mode or late transcription, is reduced. The results presented here support the conclusion that ADP-ribosylation of RNA polymerase and of other host proteins allows initial phage-directed mRNA synthesis reactions to escape from host control. In contrast, subsequent modification of the other cellular target proteins limits transcription from phage early genes and participates in redirecting transcription to phage middle and late genes.
Posttranslational ADP-ribosylation of proteins is catalyzed by ADP-ribosyltransferases (ADP-RTs), which have been identified in viral, bacterial, and eukaryotic systems. Transfer of the ADP-ribose moiety from the substrate NAD ϩ to a specific amino acid residue, frequently histidine or arginine within a target protein, modulates the activity of the acceptor. ADP-ribosylation changes the electrostatic potential of a target protein by introducing two phosphate groups and may affect protein-DNA as well as protein-protein interactions. ADP-RTs were initially discovered as the exotoxins of pathogenic bacteria. Therefore, most of our knowledge concerning these proteins has been gained by biochemical, genetic, and structural studies performed on bacterial toxins, such as those produced by Corynebacterium diphtheriae (15, 30) , Bordetella pertussis (34) , Vibrio cholerae (46) , Pseudomonas aeruginosa (33) , and Escherichia coli (45) . New putative bacterial toxins were found to be encoded in the genomes of Streptococcus pyogenes and Salmonella enterica serovar Typhi (50) .
To date, the family of ADP-RTs comprises more than 40 enzymes, including bacterial exotoxins as well as a variety of other enzymes, such as the eukaryotic mono-and poly-ADPRTs, which include T-cell differentiation alloantigens like RT6 (9) , poly-ADP-RTs (56) , the dinitrogenase reductase regulation factor DraT (51, 77) , and enzymes encoded by T-even bacteriophages. The bacteriophage T4 gene products Alt (76 kDa), ModA (23 kDa), and ModB (24 kDa) appear to actively regulate gene expression during the transition from host to phage protein synthesis.
The T4 Alt protein initially acts as a structural component of the phage head. At the time of infection, it enters the host cell with phage DNA and immediately displays enzymatic activity. This protein, purified from infected cells, has been found to efficiently ADP-ribosylate one of the two ␣ subunits of host RNA polymerase in the carboxy-terminal domain at Arg 265 (19, 31, 32, 49, 52) . Isolation and partial characterization of a recombinant Alt protein (GenBank accession number X15811), now available in larger amounts, revealed that host RNA polymerase subunits ␤, ␤Ј, and are also ADP-ribosylated, as are a number of other E. coli proteins (36, 37) . ADPribosylation of RNA polymerase, as catalyzed by Alt, triggers the preferred transcription from T4 early promoters as possibly the first step by which T4 gains control over the metabolism of the host cell (60, 72, 73) .
The ModA and ModB proteins are encoded by two neighboring T4 genes (44, 63) under control of the strong early promoter Pe 12.8, and their activities are directed against different cellular target proteins. As first demonstrated by Skorko et al. (57) , ModA-catalyzed ADP-ribosylation, in contrast to Alt activity, targets both ␣ subunits of RNA polymerase at residue Arg 265 . Also in contrast to Alt activity, recombinant ModA has no activity towards the ␤, ␤Ј, and subunits. It has been inferred that the differences in the molecular masses of gpAlt (76 kDa) and gpModA (23 kDa) might be responsible for the different approaches to the ␣ subunits. The ModAinduced ADP-ribosylation of ␣ subunits inhibits transcription from T4 early promoters (21) . Host polymerase may thus be conditioned to interact with other T4-encoded transcription factors that may be active in the middle mode (14, 27, 28, 68) or late transcription (26, 74, 75, 76) .
The modB gene was detected only recently in the course of sequencing experiments performed to identify the reading frame of the modA gene (GenBank accession number X98695 for ModA and ModB) (44, 63) . Partial characterization of the ModB protein has revealed that the ribosomal S1 protein (8, 38 ) is a target for ModB-catalyzed ADP-ribosylation; however, a number of other proteins involved in translation and cell regulation are also modified (R. Depping, C. Lohaus, H. E. Meyer, and W. Rüger, unpublished data).
Here we describe a new and effective procedure to renature both of the overexpressed T4 Mod proteins to obtain amounts that allow studies of the effects of the individual ribosylation reactions in vitro. Catalytic properties of the T4 ADP-RTs were demonstrated and compared, and transcription assays were performed with ADP-ribosylated host RNA polymerase. For the transcription experiments, the Alt enzyme was used as a control. This study provided additional evidence that the modification catalyzed by the Alt protein enhances transcription from T4 early promoters, whereas ADP-ribosylation catalyzed by the ModA protein hampers early transcription. Mutation analysis of ModA and ModB demonstrated that functional and structural features common to most members of the ADP-RT family are also valid for the T4 ModA and ModB proteins. The data presented here are consistent with ADP-ribosyltransfer following an Sn1-type mechanism to dissociate the nicotinamide portion of NAD ϩ . This reaction generates a positively charged oxocarbenium intermediate stabilized by one or two Glu residues of the consensus pattern (the EXE motif). The ADP-ribose moiety remains in the enzyme binding site until it is transferred to the acceptor protein (5). Our mutation data are consistent with this mechanism, and the active site glutamic acid residues Glu 165 (ModA) and Glu
173
(ModB), the conserved Arg 72 (ModA) and Arg 73 (ModB) residues for NAD ϩ binding, and other residues of the predicted active center are important for enzyme activity.
MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains and plasmids used in this study are shown in Table 1 .
Overexpression of the ADP-ribosyltransferases ModA and ModB. For isolation of DNA, transformation, ligation, and sequencing we used standard procedures described by Ausubel et al. (3) . The modA or modB gene was cloned downstream from the T7 late promoter into the NcoI-BamHI restriction sites of vector pET-11d. To obtain the transferases as His-tagged polypeptides for purification of the proteins, modA was cloned into the BamHI-BamHI restriction sites and modB was cloned into the NdeI-BamHI restriction sites of pET-16b(ϩ). The vectors carrying modA or modB or the corresponding mutated genes were transformed into E. coli C41(DE3) by CaCl 2 treatment, screened for the production of the recombinant enzymes, and grown as described below. E. coli C41(DE3) is a derivative of the widely used strain BL21(DE3). Plausible explanations for the improved performance of strain C41(DE3) for protein overexpression were given by Miroux and Walker (43) .
Overexpression was performed in 2-liter Erlenmeyer flasks containing 500 ml of tryptone-phosphate broth supplemented with ampicillin (200 g/ml). The medium in each flask was inoculated with 5 ml of the appropriate overnight culture. The flasks were shaken vigorously in a New Brunswick G10 incubator at 37°C. At an optical density at 590 nm (OD 590 ) of 0.6 to 0.8, isopropyl-␤-Dthiogalactopyranoside (IPTG) was added to a final concentration of 1.0 mM, and shaking was continued for 3 to 5 h. The cells were centrifuged for 20 min at 4,000 
Derivative (25) ; vector pET-32b(ϩ), which fused the mod genes to thioredoxin (39) ; and pET22b(ϩ), which harbored the leader sequence pelB responsible for the export of the proteins (reviewed in reference 71). Isolation of inclusion bodies. Cells grown as described above were opened by using a French press at 2,000 lb/in 2 . The inclusion bodies were separated by centrifugation at 3,000 ϫ g for 20 min at 4°C from the cellular debris remaining in the supernatant (29) . The sediment was washed by resuspension in 30 ml of IB wash buffer (50 mM Tris-HCl [pH 7.5], 2 mM EDTA, 100 mM NaCl, 1 to 2 M urea, 0.05% [wt/vol] deoxycholate, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, 0.5 mg of lysozyme per ml). This step removed a large portion of the contaminating E. coli proteins, lipids, and nucleic acids but did not solubilize the inclusion bodies. After sedimentation by centrifugation at 10,000 ϫ g for 20 min at 4°C, the supernatant was discarded. The inclusion bodies were used immediately or kept frozen at Ϫ20°C until they were used.
Renaturation and purification of the proteins. Inclusion bodies purified as described above were resuspended in IB denaturation buffer (100 mM Tris [pH 12.0], 2 M urea), conditions that unfolded the proteins only partially, allowing effective renaturation (35) . To avoid precipitation of the Mod proteins, the concentration of the proteins was adjusted to 1 mg/ml and the sample was transferred to a dialysis bag (type 20 dialysis membrane; Biomol, Hamburg, Germany). Renaturation was performed by overnight dialysis for 16 h against 1 liter of a buffer containing 50 mM NaH 2 PO 4 (pH 8.0), 300 mM NaCl, and 2 M urea at 4°C. After centrifugation at 20,000ϫ g for 30 min at 4°C to remove insoluble material, the native His-tagged protein was purified further by immobilized-metal affinity chromatography on Ni-nitrilotriacetic acid (QIAGEN, Hilden, Germany) or Talon resin columns (Clontech) by following the manufacturer's instructions. Fractions (2 ml) were collected, and peak fractions were identified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, pooled, dialyzed, and stored at Ϫ20°C. Glycerol was added to a final concentration of 10%. The purified ADP-RTs remained stable for about 6 months. At protein concentrations above 1 mg/ml or after extended storage, the proteins tended to precipitate and gradually lost activity.
Assay of mono-ADP-ribosyltransferase activity. Activities of the purified recombinant ADP-RTs ModA and ModB were assayed in vitro by radioactive labeling of the target proteins by using 32 P-labeled NAD ϩ as a substrate and the procedures described by Rohrer et al. (52) , and the changes were introduced as described by Koch et al. (36) . The incubation mixtures (final volume, 100 l) contained 2.5 to 3 g of the recombinant transferase and 3.7 ϫ 10 4 Bq of 32 P-labeled NAD (specific activity, 2.96 ϫ 10 13 Bq/mmol) in transferase buffer (50 mM Tris-acetate [pH 7.5], 10 mM magnesium acetate, 22 mM NH 4 Cl, 1 mM EDTA, 10 mM 2-mercaptoethanol, 10% glycerol). To assay residual activities of the mutated enzymes, up to 35 g of a soluble fraction of E. coli C41(DE3) proteins was added to each test mixture. Since intrinsic proteins of the expressing cells were irreversibly labeled with nonlabeled NAD ϩ , this step led to more comparable band patterns for the different mutants.
A number of ADP-ribosyltransferases are known to transfer the ADP-ribosyl residues not only to proteins but also to guanidino compounds. We used the method of Soman et al. (58, 59) to measure the ADP-ribosylation of p-nitrobenzylidine aminoguanidine (NBAG). Under the test conditions proposed, the acceptor substance NBAG had an absorption maximum at 315 nm and the ADPribosylated product had a maximum at 370 nm. An increase in 0.1 OD 370 unit corresponded to the formation of 0.05 mol of product in a 1-ml reaction system.
Site-directed mutagenesis of the modA and modB genes. For site-directed mutagenesis we used a QuikChange mutagenesis kit from Stratagene and followed the manufacturer's instructions. The correct exchange of target amino acids following mutagenesis was monitored by sequencing the plasmid inserts resulting from the mutagenic exchange. In the procedure a supercoiled doublestranded DNA vector with an insert of interest and two synthetic oligonucleotide primers containing the desired mutations were utilized. The corresponding primer sequences are available upon request.
Testing the toxicity of the mutated ModA and ModB proteins. It was reported previously (63) that cloning of either modA or modB was lethal to host cells if the vector expression system was leaky. We took advantage of this phenomenon to identify relevant mutations (e.g., mutations within the active site should have reduced or abolished enzyme activity, and hence growth of colonies was a convenient selection system).
For 4 Cl, 1 mM EDTA, 10 mM 2-mercaptoethanol, 10% glycerol) for 30 min at room temperature. After horseradish peroxidase-streptavidin (1:500 in ELISA blocking buffer) was added and the preparation was incubated for 30 min at room temperature and washed four times with PBS, 50 l of TACS-Sapphire (R&D Systems, Wiesbaden, Germany) was added as a substrate. The turnover was measured for 30 min with a Quant photometer (Bio-Tek Instruments Inc.) at OD 630 . The results were estimated by using the MikroWin 3.0 software (Mikrotek Laborsystem GmbH).
In vitro transcription. The capacity for ADP-ribosylated RNA polymerase to transcribe T4 and E. coli DNA in vitro was tested by using two procedures. For both methods we used T4 genomic DNA as a template to preserve T4-specific modifications and helicity. For the first series of experiments E. coli strain C41(DE3) with plasmid pET-16b(ϩ) (control), p16modA (ModA), or pTKRI (Alt) was grown under induced conditions to an OD 590 of 0.65. Cells were harvested and opened with the French press, and the soluble protein fraction was used in the presence of T4 or E. coli DNA. Two micrograms of genomic DNA was incubated with a solution containing 5 l of 10ϫ RNA polymerase buffer (400 mM Tris-HCl [pH 8.0], 100 mM MgCl 2 , 500 mM KCl, 5 mM DTT, 0.5 mg of bovine serum albumin per ml), 10 U of RNase inhibitor, 0.5 l of 25 mM NAD ϩ , and 30 to 110 g of soluble E. coli protein, and the volume was adjusted to 42 l with distilled water. The transcription reaction was started with 4 l of a three-deoxynucleoside triphosphate mixture (5 mM ATP, 5 mM CTP, and 5 mM GTP), 3.75 l of 1 mM UTP, and 0.25 l of [␣-
32 P]UTP (0.37 ϫ 10 6 Bq/l). After 30 min of incubation at 37°C, the solution was collected on DE81 filters (Whatman) and washed three times with 0.5 M NaH 2 PO 4 buffer (pH 7.0) for 5 min. After drying, the radioactivity incorporated into RNA and retained on the filters was counted in 5 ml of scintillation fluid.
For the second series of experiments the E. coli RNA polymerase was isolated by using the procedure of Burgess and Jendrisak (10) . The reaction mixtures (final volume, 0.3 ml) contained 40 mM Tris-HCl (pH 7.9), 10 mM MgCl 2 , 5 mM 2-mercaptoethanol, 0.1 mM EDTA-Na 2 , 150 mM KCl, 0.16 mg of bovine serum albumin, 2 g of T4 wild-type or E. coli DNA, 0.5 mM ATP, 0.5 mM CTP, 0.5 mM GTP, 0.25 mM [␣-
32 P]UTP (10 Ci/l), and 60 to 170 ng of enzyme. The mixtures were incubated for 10 min at 37°C. Aliquots (50 l) were applied to DEAE-cellulose filters (Whatman DE81; diameter, 25 mm). The filters were washed and dried as described above, and the radioactivity retained was counted with a scintillation counter by using toluene liquifluor.
RESULTS
Overexpression of ModA and ModB. Preliminary experiments designed to overexpress the recombinant ModA and ModB proteins revealed two difficulties. First, the gene products were toxic to the cloning host, and second, the recombinant proteins did not remain in solution but accumulated as inclusion bodies. The pET vector system (61, 62) proved to be tight enough to overcome the problem of uninduced expression and enzyme toxicity.
To isolate and work with native enzymes rather than with proteins that have been partially denatured and renatured from inclusion bodies, we tested a number of procedures described previously to circumvent the formation of inclusion bodies (54, 55) . We also cloned the modA or modB genes into a number of vectors (Table 1) , which allowed fusion of the proteins expressed to solubilization linkers or to the leader sequence pelB or enabled coexpression with the chaperones GroEL and GroES (12, 22) or DnaK (6, 7) . Although all proteins were overexpressed, as expected for the vector constructs used, the Mod proteins and their fusions always accu-mulated as inclusion bodies in the induced cells. The aggregation of the expressed ADP-RTs might have reduced the toxicity since increasing amounts of the ADP-RTs lost the active conformation. This view was supported by the fact that despite the toxicity, about 40% of the cellular protein was ADP-ribosyltransferase within 3 h of induction (Fig. 1) .
Purification and renaturation of ModA and ModB. Because all attempts to prevent protein aggregation failed, the Mod proteins were purified from the corresponding inclusion bodies. The procedure outlined in Materials and Methods at least offered the advantage that the recombinant Mod proteins accumulated in a relatively pure form.
The ADP-ribosylation activities of the proteins were assayed by using the procedure of Rohrer et al. (52) with 32 P-labeled NAD ϩ as a substrate. Figure 2 shows the ribosylation pattern of soluble E. coli proteins ADP-ribosylated by Alt, ModA, or ModB after sodium dodecyl sulfate-polyacrylamide gel electrophoresis and autoradiography. The ADP-ribosylation catalyzed by Alt served as a control (36) (Fig. 2) . The Alt enzyme ADP-ribosylated at least 20 proteins, and it remains to be determined whether all of the proteins carrying a radioactive label intervene in phage replication and, if so, what the consequence of ADP-ribosylation of each protein is. ADPribosylation of the RNA polymerase ␣ subunit in the Alt channel appeared to be relatively weak. There may have been two reasons for this: first, the ␣ subunit represented a small portion of all other proteins ADP-ribosylated in the reaction, and second, in contrast to ModA, which labeled both ␣ subunits, Alt modified only one of the two subunits present in the enzyme. Because the three ADP-RTs exhibited different target protein patterns, it seemed reasonable to assume that the enzymes work independently. Self-ADP-ribosylation of ModA and ModB was also observed in the reactions. Below we discuss the differences between these results and those of Skorko and his collaborators (57) .
Determination ϩ under conditions under which excess E. coli RNA polymerase was present. The differences in these data may be due to the different test conditions following the isolation procedures used for ModA preparation in the two laboratories (that is, partially purified enzyme from T4-infected cells versus overexpressed recombinant enzyme that was purified to homogeneity). Also, transribosylation of ModA led to loss of a portion of the enzymatic activity in the NBAG test, which might have been different for the two enzyme preparations.
For ModB, the NBAG test was unsatisfactory. The greater tendency of this enzyme for precipitation at elevated protein concentrations may have been a reason for the failure of the ModB enzyme assay. To obtain further evidence that ModB is indeed an ADP-RT, we modified the ADP-ribosylation test, taking advantage of biotinylated NAD ϩ (bNAD ϩ ), as monitored with horseradish peroxidase-linked streptavidin. Figure  3A shows the results of a transribosylation assay with bNAD ϩ as the substrate. As in a comparable test with radioactive NAD ϩ , the signal intensity increased with increasing amounts of bNAD ϩ . This assay system could be modified further to test the ADP-RT activity of ModA and ModB mutants with an ELISA. To do this, streptavidin-horseradish peroxidase was replaced by mono-ADP-ribosyl antibodies kindly supplied by K. K. McMahon, Texas Tech University, Lubbock. Figure 3B shows that transribosylation of ModB occurred at all concentrations tested, including in the absence of added bNAD ϩ . This result not only confirmed that ModB indeed transferred an ADPribosyl compound but also showed that the enzyme was already ADP-ribosylated during overexpression by unlabeled, cellular NAD ϩ , leading to a relatively homogeneous antibody reaction in all channels. Radioactive or biotinyl labeling in the enzyme assays appeared to reach only those sites not yet occupied by unlabeled cellular NAD ϩ . ADP-ribosyltransferase labeling reactions were more efficient with added protein substrates (i.e., RNA polymerase or a soluble extract of E. coli proteins) not previously exposed to the enzymes.
Transcription experiments with altered and modified E. coli RNA polymerase. Two sets of in vitro transcription experiments were performed with polymerases modified by the recombinant enzymes Alt and ModA. In the first study, we grew E. coli strain C41(DE3) carrying either plasmid pET-16b(ϩ) (control), p16modA (modA inserted), or pTKRI (alt inserted) under induced conditions. Except for the controls, the growing cells produced the transferase Alt or ModA. Transcription was performed with increasing amounts of the soluble protein fraction. Aliquots were taken, and the amount of RNA synthesized was determined by measuring the incorporation of [␣-32 P]UTP. As Fig. 4 shows, the Alt-modified RNA polymerase synthesized more RNA on the T4 DNA template than the ModA-modified enzyme synthesized. With E. coli DNA there was no difference between the transcription experiments performed with unmodified polymerase and the transcription experiments performed with Alt-modified polymerase. In both cases, transcription decreased as the amount of protein from the Alt-modified or unmodified extract increased.
In a complementary set of experiments, cells carrying the plasmids were grown under noninducing and inducing conditions. About 5 g of centrifuged cells of one of the strains was extracted, and both the unmodified and the Alt-and ModAmodified polymerases were isolated (10) . The transcription activities of the purified enzymes were tested as described above with either T4 or E. coli DNA as the template. The results of these experiments are presented in Table 2 . Similar to the results shown in Fig. 4 , the Alt-modified E. coli RNA polymerase incorporated about twice as much radioactivity into RNA with T4 DNA as the unmodified enzyme incorporated. This observation confirmed previous experiments which provided evidence that the Alt-catalyzed ADP-ribosylation of RNA polymerase enhances transcription from T4 early pro- moters (60, 73) . On the other hand, the ModA-modified polymerase incorporated only 72% of the radioactivity that was found in the test with the unmodified enzyme and T4 DNA, underlining the negative influence of the ModA-catalyzed modification on the transcription from T4 early DNA. With E. coli DNA, all three enzymes seemed to be less active; however, the Alt-modified enzyme remained the most active of the three polymerases tested.
Mutagenesis of ModA and
ModB. An alignment of the amino acid sequences (2) of ADP-RTs ModA (200 amino acids) and ModB (207 amino acids) of bacteriophage T4 revealed 25% identical and 47% homologous amino acids. This likely reflected an evolutionary relationship between the two phage enzymes. A comparison of the primary structures with all other ADP-RTs in the GenBank database revealed no significant sequence similarities. However, secondary structure alignments (4) provided evidence of structural homologies characteristic for the enzymes of the ribosyltransferase family. The emerging crystal structures provide increasing evidence that not only secondary structures but also tertiary structures are conserved among members of the mono-ADP-RT family (24, 64) , and the active site motif R-S-EXE (1, 11, 13, 16, 65,  66, 69) is typical of arginine-specific ribosyltransferases (Fig.  5A shows the orientation) .
With the aim of testing the sites of putative structural homology and in few cases their close proximity, we performed site-directed mutagenesis experiments with amino acids conserved among the T4 mod gene products and the other ADPRTs. Mutants defective in NAD ϩ binding or in the transferase reaction allowed bacterial growth. The colony sizes under induced and noninduced growth conditions reflected the residual toxicity and, hence, were related to the relative remaining activities of the enzymes. Control experiments with the original pET-16b(ϩ) plasmid in C41(DE3) revealed no difference in colony size under induced and noninduced conditions.
To assay the putative active sites of the Mod enzymes, we replaced nine of the amino acids in ModA with alanine. The results of these experiments are presented in Fig. 5B . The exchanges that reduced the toxicity to colony growth were R72A, S109A, and E165A, as well as F127A and F129A, both of which were located in the ␤3 region. Other mutations (e.g., Q116A, N128A, E163A, and Q164A) reduced the toxicity of the overexpressed ModA to a minor extent, and only small colonies were observed in the test.
In ModB, 11 amino acids were replaced by alanine. Mutations L71A and R73A in region ␤1, mutations F129A and Y131A in region ␤3, and the E173A mutation in region ␤5 allowed full colony growth and therefore largely abolished enzyme activity, while E118A, E171A, and I176A reduced the toxicity of the enzyme and still allowed small colonies to grow (Fig. 5B) . Mutation L71A was situated in ␤1 and contributed to the hydrophobic pocket supporting nicotinamide binding, and mutation I176A was situated close to the EXE motif (EQE in both ModA and ModB). The two corresponding positions in ModA were not assayed. Mutants with the S111A and N130A mutations, as well as the Q172A mutation, in ModB exhibited toxicity close to that of the wild-type enzyme, suggesting that these amino acids alone do not decisively influence NAD ϩ binding and the transfer reaction. With the exception of S111A and the amino acids additionally tested with ModB, the results of the mutation experiments were similar to those obtained with ModA. In contrast to the nonpolar environment of Ser 109 in ModA, Ser 111 in ModB is followed by Tyr 112 , which is essentially able to form a similar hydrogen bond, which may additionally contribute to the stabilization of the intermediate oxocarbenium. Thus, the single mutation S111A did not reduce the activity of ModB to a point where toxicity was completely lost; the consensus motif of the amino acids involved in the stabilization of the intermediate state is STS (SGL in ModA and SYA in ModB), which allows ambiguities in hydrogen bonding, possibly depending on the enzyme and/or acceptor proteins.
Mutants identified by the toxicity tests were also assayed for the ability to ADP-ribosylate. To do this, the overexpressed wild-type enzymes and the mutant enzymes were partially pu- rified from the corresponding cell lysates and subjected to ribosylation tests as described above. Mutations that did not result in an appreciable reduction in the enzyme toxicity essentially showed ribosylation products similar to those of the wild-type controls for ModA and ModB. Mutant proteins that had largely lost toxicity had also lost the ability to perform transribosylation and the ability to ADP-ribosylate their target proteins (Fig. 6 ). We concluded that the amino acids which were mutated in this study by site-directed mutagenesis and which showed reduced toxicity are important for the catalytic activity of the two Mod enzymes, and consequently, the alignments of the secondary structures indeed identified the active sites of both ADP-ribosyltransferases. Moreover, the transfer reaction catalyzed by the T4 enzymes must follow the Sn1-type reaction scheme proposed for mono-ADP-ribosyltransferases, which is entirely different from reaction scheme of ligases (40) .
DISCUSSION
In this paper we describe overexpression and isolation of the ADP-ribosyltransferases ModA and ModB of bacteriophage T4. Although both proteins were purified by partial denaturation from inclusion bodies, the renatured enzymes were active and modified defined sets of host proteins. Similar to the T4 Alt enzyme (36) and to other ribosyltransferases (47), both Mod proteins also perform a transribosylation reaction. As shown above, ADP-ribosyltransfer is catalyzed during enzyme synthesis in overexpressing cells with cellular NAD ϩ as a substrate. Since ADP-ribosylation is not reversible (36, 57) , two precautions are necessary to monitor the reaction. First, radioactivity with the highest specific activity must be used to detect residual positions on cellular proteins that were modified with unlabeled cellular NAD ϩ during enzyme overexpression. Sec- FIG. 6 . ADP-ribosyltransferase activity tests performed with ModA (A) and ModB (B) wild-type and mutant enzymes: 13% polyacrylamide gels stained with Coomassie brilliant blue (left gels) and autoradiographs of the stained gels (right gels). To monitor ADP-ribosylation activity, crude cell extracts of the different ModA-or ModB-producing cells were supplemented with soluble E. coli proteins, and in vitro labeling was performed as described in Materials and Methods. Lane M, Rainbow 14 C-methylated protein molecular weight markers (Amersham Bioscience); lane K, controls consisting of an E. coli C41(DE3) cell lysate supplemented with radioactively labeled NAD ϩ but not with cell extracts of ModAor ModB-producing cells. In the other lanes enzyme-producing cell extracts were added as indicated at the top. (57) . Therefore, the seemingly different results were likely due to the different proteins added to the reaction mixtures and were not caused by major differences between the enzymes or the reactions catalyzed.
In a previous study transcription of T4 early promoters by unribosylated and ADP-ribosylated (Alt-modified) E. coli RNA polymerase was assayed (60) . T4 promoters resided on a 5-kb promoter probe vector. When integrated into a plasmid vector, not only does the T4 promoter lose phage-specific hydroxymethylation and glucosylation, but on small supercoiled plasmid DNA it also has a helicity that is quite different from that of the linear 169-kb genomic DNA with its high A-T skew. Since glucosylation might contribute to hydrogen bonding and hence to the structure of T4 DNA (for a review see reference 42), both factors are putatively important for correct T4 promoter recognition and viral transcription regulation. T4 early and middle-mode promoters harbor several glucosylated hydroxymethyl cytosine residues at defined positions (cf. T4 promoter logos in reference 42).
Aware of the limitations of different transcription test systems that also lack most of the T4-specific transcription factor and auxiliary protein environment, we complemented the data obtained previously by performing in vitro transcription experiments with Alt-and ModA-modified RNA polymerase and by using native T4 DNA as a template. The results show that under both experimental conditions, the Alt-induced modification of RNA polymerase increased transcription from T4 DNA by about 50%. In contrast, the ModA-induced modification reduced transcription from T4 DNA, as well as transcription from E. coli DNA. These results support previous findings (60, 73) that ADP-ribosylation catalyzed by Alt enhances transcription from T4 early promoters, possibly by outcompeting transcription initiated at host promoters. The ModA-catalyzed modification of host RNA polymerase prevents transcription from host promoters that carry an UP element (18, 53) and from T4 early promoters (21) . However, since residual transcription was observed on all templates after ModA modification of RNA polymerase and since the initially low transcription of E. coli DNA was hardly reduced upon modification (Table 2) , we concluded that the ModA-induced modification is not sufficient to prevent host transcription. This result also supports previous reports that the cessation of host transcription is mediated mainly by the T4 Alc protein (17) . In contrast, the ModA-directed ribosylation reaction may condition E. coli RNA polymerase for the interaction with T4-encoded auxiliary factors, such as AsiA and MotA for middlemode transcription, as well as gp55, gp33, gp45, and gp44/62 for late transcription, redirecting RNA polymerase to transcribe from T4 middle (27, 48) and late (26, 74, 75, 76) promoters.
The ADP-RTs of bacteriophage T4 have different primary structures and catalyze partially overlapping reactions (36, 63) . Secondary structure alignment and mutation analyses showed that the phage enzymes are structurally and functionally related to the bacterial exotoxins and to a number of regulatory proteins, which are also members of this enzyme family. Several of the toxins are known to be encoded by prophages (67, 70) . Although the Alt, ModA, and ModB genes had been identified as nonessential genes under laboratory conditions (20) , the ADP-ribosylation of a large number of host proteins supports the view that these enzymes play an active role in advancing the phage replicative cycle in natural environments. To fully appreciate the role of these enzymes and their contributions to the regulation of the replicative processes, it would be desirable to further identify the target proteins and to study in detail the consequences of the phage-induced modifications. Does the modification of the target proteins change their reactions, or alternatively, are they simply inactivated to, e.g., stop host synthesis? The identification of a complete NAD ϩ salvage pathway in the T4-like vibriophage KVP40 (41) underlines the importance of NAD ϩ and NAD-dependent ribosyltransferases for viral development. With the recombinant T4-encoded ADP-ribosyltransferases in hand, there are ways to study in vitro and in more detail the consequences of modification of a number of host proteins, including RNA polymerase (ModA), and of the S1 protein (ModB).
